We consider the general situation of a compact relativistic body with anisotropic pressures in the presence of the electromagnetic field. The equation of state for the matter distribution is linear and may be applied to strange stars with quark matter. Three classes of new exact solutions are found to the Einstein-Maxwell system. This is achieved by specifying a particular form for one of the gravitational potentials and the electric field intensity. We can regain anisotropic and isotropic models from our general class of solution. A physical analysis indicates that the charged solutions describe realistic compact spheres with anisotropic matter distribution. The equation of state is consistent with dark energy stars and charged quark matter distributions. The masses and central densities correspond to realistic stellar objects in the general case when anisotropy and charge are present.
Introduction
Since the pioneering paper by Bowers and Liang [1] there have been extensive investigations in the study of anisotropic relativistic matter distributions in general relativity to include the effects of spacetime curvature. The anisotropic interior spacetime matches to the Schwarzschild exterior model. The early work of Ruderman [2] showed that nuclear matter may be anisotropic in density ranges of 10 15 gcm −3 where nuclear interactions need to be treated relativistically. Note that conventional celestial bodies are not composed purely of perfect fluids so that radial pressures are different from tangential pressures. Anisotropy can be introduced by the existence of a solid stellar core or by the presence of a type 3A superfluid as indicated by Kippenhahn and Weigert [3] . Different kinds of phase transitions (Sokolov [4] ) or pion condensation (Sawyer [5] ) can generate anisotropy. Binney and Tremaine [6] have considered anisotropies in spherical galaxies in the context of Newtonian gravitational theory. Herrera and Santos [7] studied the effects of slow rotation in stars and Letelier [8] analysed the mixture of two gases, such as ionized hydrogen and electrons, in a framework of a relativistic anisotropic fluid. Weber [9] showed that strong magnetic fields serve as a vehicle for generating anisotropic pressures inside a compact sphere. Some recent anisotropic models for compact self-gravitating objects with strange matter include the results of Lobo [10] and Sharma and Maharaj [11] with a barotropic equation of state. Therefore the study of anisotropic fluid spheres in static spherically symmetric spacetimes is important in relativistic astrophysics.
In recent years there have been several investigations of the Einstein-Maxwell system of equations for static spherically symmetric gravitational fields usually with isotropic pressures to include the effects of the electromagnetic field. The interior spacetime must match at the boundary to the Reissner-Nordstrom exterior model. The models generated can be used to describe charged relativistic bodies in strong gravitational fields such as neutron stars. Many exact solutions have been given by Ivanov [12] and Thirukkanesh and Maharaj [13] which satisfy the conditions for a physically acceptable charged relativistic sphere. Charged spheroidal stars have been studied extensively by Komathiraj and Maharaj [14] , Sharma et al [15] , Patel and Koppor [16] , Tikekar and Singh [17] and Gupta and Kumar [18] . These charged spheroidal models contain uncharged neutron stars in the relevant limit and are consequently relevant in the description of dense astrophysical objects. We point out the particular detailed studies of Sharma et al [19] in cold compact objects, Sharma and Mukherjee [20] analysis of strange matter and binary pulsars, and Sharma and Mukherjee [21] analysis of quark-diquark mixtures in equilibrium in the presence of the electromagnetic field.
Charged relativistic matter is also relevant in modeling core-envelope stellar system as shown in the treatments of Thomas et al [22] , Tikekar and Thomas [23] and Paul and Tikekar [24] in which the stellar core is an isotropic fluid surrounded by a layer of anisotropic fluid. Consequently the study of charged fluid spheres in static spherically symmetric spacetimes is of significance in relativistic astrophysics.
From the above motivation it is clear that both anisotropy and the electromagnetic field are important in astrophysical processes. However previous treatments have largely considered either anisotropy or electromagnetic field separately. The intention of this paper is to provide a general framework that admits the possibility of tangential pressures with a nonvanishing electric field intensity. We believe that this approach will allow for a richer family of solutions to the Einstein-Maxwell field equations and possibly provide a deeper insight into the behaviour of the gravitational field. On physical grounds we impose a barotropic equation of state which is linear, that relates the radial pressure to the energy density and allows for the existence of strange matter.
Our general model will contain strange matter solutions found previously. In this regard we mention the following recent works on strange stars. Mak and Harko [25] and Komathiraj and Maharaj [26] found analytical models in the MIT bag model (Witten [27] ) with a strange matter equation of state in the presence of an electromagnetic field. 
The field equations
Our intention is to model the interior of a dense star. On physical grounds it is necessary for the gravitational field to be static and spherically symmetric. Consequently, we assume that the interior of a spherically symmetric star is described by the line element
in Schwarzschild coordinates (x a ) = (t, r, θ, φ). We take the energy momentum tensor for an anisotropic charged imperfect fluid sphere to be of the form
where primes denote differentiation with respect to r and σ is the proper charge density.
In the field equations (3)- (6), we are using units where the coupling constant 8πG c 4 = 1 and the speed of light c = 1. The system of equations (3)- (6) governs the behaviour of the gravitational field for an anisotropic charged imperfect fluid. Note that the system
for matter distributions with isotropic pressures (p r = p t ) in the absence of charge
The mass contained within a radius r of the sphere is defined as
A different, but equivalent, form of the field equations is obtained if we introduce a new independent variable x, and define functions y and Z, as follows
which was first suggested by Durgapal and Bannerji [28] . Then the line element (1) becomes
In (11) and (12), the quantities A and C are arbitrary constants. Under the transformation (11), the system (3)- (6) becomes
4Zẏ
4xZÿ
where dots denote differentiation with respect to the variable x. The mass function (10) becomes
in terms of the new variables in (11).
For a physically realistic relativistic star we expect that the matter distribution should satisfy a barotropic equation of state p r = p r (ρ). For our purposes we assume the linear equation of state
where α and β are constants. Then it is possible to write the system (13)- (16) in the simpler form
where the quantity ∆ = p t −p r is the measure of anisotropy in this model. In the system (19)- (24), there are eight independent variables (ρ, p r , p t , ∆, E, σ, y, Z) and only six independent equations. This suggests that it is possible to specify two of the quantities involved in the integration process. The resultant system will remain highly nonlinear but it may be possible to generate exact solutions.
Generating exact models
We must make physically reasonable choices for any two of the independent variables and then solve the system (19)- (24) to generate exact models. In this paper, we choose forms for the gravitational potential Z and electric field intensity E. We make the specific choices
where a, b and k are real constants. The gravitational potential Z is regular at the origin and well behaved in the stellar interior for a wide range of values for the parameters a and b. The electric field intensity is continuous, bounded and a decreasing function from the origin to the boundary of the sphere. Therefore the forms chosen in (25)- (26) are physically reasonable. On substituting (25) and (26) in (23) we obtaiṅ
which is a linear equation in the gravitational potential y. For the integration of equation (27) it is convenient to consider three cases: b = 0, a = b and a = b.
The case b = 0
When b = 0, (27) becomesẏ
with solution
where D is the constant of integration. We observe that ρ = −
for this case which we do not consider further to avoid negative energy densities.
The case a = b
When a = b, (27) becomeṡ
On integrating (30) we get
where
and D is the constant of integration. Then we can generate an exact model for the system (19)- (24) as follows
in terms of elementary functions.
The solution (32)-(38) may be used to model a charged anisotropic star with a linear equation of state. In this case the mass function is
which is similar to forms used in other investigations. The gravitational potentials and matter variables are continuous and well behaved in the stellar interior. Note that when k = 0 the model (32)- (38) reduces to a solution for uncharged anisotropic stars. Equation (37) yields
when k = 0 so that the model is necessarily anisotropic with ∆ = 0 in general even in the simpler case of uncharged matter. Some treatments of the physical properties of anisotropic spheres in general relativity include the investigations of Dev and Gleiser [29, 30] , Mak and Harko [31, 32] , Chaisi and Maharaj [33, 34] and Maharaj and Chaisi [35] with ∆ = 0.
On integrating (27) we get
where D is the constant of integration, and m and n are given by
Then we can generate an exact model for the system (19)- (24) in the form
Therefore we have generated a second class of solutions (42) 
The form of the mass function (49) represents an energy density which is monotonically decreasing in the stellar interior and remains finite at the centre x = 0. It is physically reasonable and has been used in the past to study the properties of isotropic fluid spheres: Matese and Whitman [36] generated equilibrium configurations in general relativity, Finch and Skea [37] studied neutron star models and Mak and Harko [32] analysed anisotropic relativistic stars with this form of mass function. Lobo [10] demonstrated that (49) is consistent with stable dark energy stars which generalises the gravastar model of Mazur and Mottola [38] . It was then shown that large stability regions exist close to the event horizon thereby making it difficult to distinguish dark energy stars from black holes. Sharma and Maharaj [11] found a new class of exact solutions to Einstein equations that can be applied to strange stars with quark matter with this mass distribution. Consequently the mass function (49) is of astrophysical importance in the description of compact objects.
It is interesting to observe that for particular parameter values we can regain uncharged anisotropic and isotropic models (k = 0) from our general solution (42)-(48).
We regain the following particular cases of physical interest:
Sharma and Maharaj model
If we set β = αρ s then
where ρ s is the density at the surface r = s. Thus we regain the equation of state of Sharma and Maharaj [11] . Then by setting C = 1 and A 2 D 2 = B we find that the line element is of the form
The line element (50) corresponds to the uncharged anisotropic model of Sharma and Maharaj [11] . They showed that this solution may be used to describe compact objects such as strange stars with a linear equation of state with quark matter.
Lobo model
If we set β = 0 then p r = αρ and we regain the equation of state studied by Lobo [10] . Then on setting a = 2b, C = 1 and A 2 D 2 = 1 we generate the metric
The line element (51) corresponds to the uncharged anisotropic model of Lobo [10] .
We point out that the line element (51) serves as an interior solution with α < − 1 3
which may be matched to an exterior Schwarzschild solution in a model for dark energy stars. Lobo [10] proved that stability regions exist for dark energy stars by selecting particular values of α in a graphical analysis.
Isotropic models
In general ∆ = 0 so that the model remains anisotropic. However for particular parameter values we can show that ∆ = 0 in the relevant limit in the general solution 
Two different cases arise as a consequence of (52) if we set ∆ = 0.
In the first case we observe that when β = 0 and α = −1 then ∆ = 0. The equation of state becomes p r (= p t ) = −ρ. In this case the line element becomes
where we have set A = D = 1 and C = 1 R 2 . The metric (53) corresponds to the familiar isotropic uncharged de Sitter model.
In the second case we see that when β = 0 and α = − ρ. In this case the line element becomes
where we have set D = 1 and C = 1 R 2 . The metric (54) corresponds to the well known isotropic uncharged Einstein model.
Physical analysis
The solutions found in this paper may be connected to the Einstein-Maxwell equations for the exterior of our source. We need to match the Reissner-Nordstrom exterior spacetime
to the interior spacetime (1) across the boundary r = R. This generates the conditions
which relates the constants a, b, A, C, D, α and β. This demonstrates that the continuity of the metric coefficients across the boundary of the star r = R is easily satisfied as there are sufficient number of free parameters. If there is a surface layer of charge then the pressure may be nonzero which would place restrictions on the function ν through the matching conditions at the boundary. However the number of free parameters available easily satisfies the necessary conditions that arise for a particular model under investigation.
We now briefly consider the physical behaviour of the models generated in Section 3 for the case a = b. From the explicit forms (42) and (43) we can easily see that the gravitational potentials e 2ν and e 2λ are continuous, well behaved and nonsingular at the origin. The energy density ρ is continuous and monotonically decreasing from the centre to the boundary of the star, which is a necessary condition for a realistic model. The radial pressure p r also has the same feature because ρ and p r are linked by a linear equation of state. The tangential pressure p t is also nonsingular at the origin and continuous for a wide range of the parameters a, b and k. To maintain the usual casuality condition we must place the restriction that 0 ≤ α ≤ 1 if we require dpr dρ ≤ 1. However note that our models do allow for α < 0 in the case of anisotropic dark energy stars. The form chosen for electric field intensity E is physically reasonable and describes a decreasing function .
With the help of a particular example we can demonstrate the above features graphically. Figures 1-4 at the boundary. We observe from Figures 1-4 that the matter variables ρ, p r , p t and E have the appropriate features to describe a compact relativistic sphere. Solid lines represent uncharged matter and dashed lines include the effect of charge in Figures   1-3 . We observe that the effect of E is to produce lower values for ρ, p r and p t when compared to the case of uncharged matter. In Figure 5 we have plotted the measure of anisotropy ∆ for the same parameter values used above. Note that the effect of the electromagnetic field is to increase the magnitude of ∆ which affects the behaviour of 
Stellar structure
In this section we show that the solutions generated in this paper can be used to describe realistic compact objects. In particular we seek to compare our results with those of Sharma and Maharaj [11] since they regain values for the stellar mass agreeable with observations. To achieve consistency with Sharma and Maharaj [11] we introduce the transformationsã
Under these transformations the energy density becomes and the mass contained within a radius s has the form
where we have set C = 1 and y = r 2 R 2 . Whenk = 0 (or E = 0), (55) and (56) reduce to the expressions of Sharma and Maharaj [11] :
which gives the density ρ and mass M of an uncharged star of radius s. Table 1 . Note that the values presented in Table 1 correspond to a star of radius s = 7.07km. The value ofk = 37.403 is selected, in generating Table 1 , so that the density and mass of the Sharma and Maharaj [11] analysis is regained for uncharged matter. Furthermore, the value ofk = 37.403 with E = 0 generates a star of mass 1.433M J which is the same as the strange star model of Dey et al [39] . With this value ofk we find that the star has mass 0.940M J in the presence of charge so that the stellar core has a lower density which represents a weaker field. This is consistent as the effect of the electromagnetic field is repulsive.
We observe that the values for the mass in the presence of charge (E = 0) is always less than the uncharged case. The central density of the charged sphere is also less than the uncharged case. Sharma and Maharaj [11] showed that anisotropy affects the mass and central densities of massive objects. We have shown that the inclusion of the electromagnetic field also affects M and ρ c . Both anisotropy and charge are physical quantities that affect the range of degenerate states in our model. For the calculation of mass and central density we have set s = 7.07 km, R = 43.245 km,k = 37.403 and ρ s = 1.17119 × 10 15 gcm −3 for the uncharged case. 
